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Section I. Introduction 

T h i s  volume contains documentation of  the computer program written 

under contract NAS5-9195. The program determines the a t t i t ude  of an orbiting 

vehicle using a Kalman f i l t e r  according to the analysis performed i n  Volume I 

of this report. 

The program i s  written i n  FORTRAN IV with subroutines i n  F O R "  

It is written f o r  an IBM 7094 and has been successfully run on the and MAP. 

Moonlight System a t  NASA. 

ventions as t o  fixed and floating point names with most floating point 

variables being typed double precision. One large r?ain program with a few 

small  subroutines was originally intended but, due t o  compiler limitations, 

the creation of several other subroutines was necessary. 

The naming of variables follows FORTRAN I1 con- 

I n  addition t o  a description of t he  program and i ts  usage, Volume 11 

also contains a sample set of input data and a portion of t he  resu l t s  generated 

from this data. 
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BLOCK DIAGRAM 

’ for current time 

W 

Compute constants and 
i n i t i a l i z e  switches 

w 

Update t i m e  

Complete B-matrix check 
and C-matrix check i f  

necessary - 

1-2 

Calculate initial values 
f o r  B, C, and D matrices 
as w e l l  as f o r  a l l  
dependent variables 

Perform Kalman f i l t e r  
operations using sun 
eensors and magnetometer 
measurements - 

Set up integration 
routine 

I 



Section XI. h s c r i p t i o n  of Routines 

A. llbfNpB#IBAE: JF 

The main program performs t he  majority of t h e  work required by the  

anslyeis. After t he  data is  read-in and a l l  necessary in i t i a l i za t ion  is done, 

the in i t ia l  values of  the dependent variables are  calculated. 

The integration loop is then entered. The derivatives are calculated 

i n  BOX A (see part B of this section) j the integration is performed by sub= 

routine DICE and the  results of the integration are used i n  t h e  K a l m a n  f i l ter  

log ic  in BOX C, followed by the  periodic and instrument readouts. 

When the required number of i t e ra t ions  have been performed, the 

program begins to  process the next cam. 
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B, 

PURPOSE: 

SUBROUTINE DICE ( P, T, TP,El, E2, N, Y, DY,F,L, INDEX, I) 

DICE is  a double precision routine designed t o  be used i n  conjunction 

with an integration subroutine (DINTKZ) t o  provide a numerical solu- 

t ion  of an Nth order system of l i nea r  and/or non-linear d i f fe ren t ia l  

equations expressed as a system of N first order equat$ons: 

where Yn a re  the N depemdent variable8 and t is the  independent 

variable. 

controlled by adjusting the integration s tep  s i ze  based on the 

relative error as estimated by extrapolation t o  zero s tep  s ize .  

The loca l  error generated by the  numerical process is 

The basic method of the DICE routine can be summarized as fo l low:  

1 D  

2. 

3. 

4. 

5 .  

6, 

7. 

Use initial conditions fo r  the N dependent variables as solutions 

at t = to and adopt the  xmdmum s tep  s i ze  permissible. 

Perform t h e  computation (integration subroutine) t o  find the  

single s tep  solution f o r  t h e  new value of the  independent 

variable, t. 

Halve the integration s tep size.  

Solve t h e  problem again (integration subroutine) f r o m  t h e  last 

convergent point using two applications of the reduced s t ep  sise. 

Compute an extrapolated solution making uae of both eolutlons. 

Compare the two-step solution wlth the  extrapolated solution, 

If the  two solutione are sufficiently close, the p r ~ c o d ~ r ~  18 

continued using the  extrapolated solution as initial values a t  

the  updated time t. 
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8. If the two solutions are not suf f ic ien t lg  close, the reduced 

s t ep  s i ze  is again halved and t h e  procedure restarted from 

step 4 wing  the  conditions a t  t h e  last comergent point. 

If the two solutions agree too closely thsn t h e  basic s t ep  is  

doubled and the  procedure restarted at  s t ep  1 using the extriG 

plated solution at the  new value of the itdependent variable. 

9. 

The above br ie f ly  describes the method; however, additional de t a i l s  are given 

below. 

The superscfipts (I) and (11) refer t o  the one-step and two-step 

approximations respectively. 

the  neu v8lue of the  indepembnt variable, i referring t o  the old value. 

The subscript i +  1 refers t o  the solution a t  

h = 

-t is the s t ep  sise. Tho onbatop approxknation is found by the mthod 

in the  i n t q r a t i o n  subroutine. The two-step appzwdmation i s  found by balvhs 

the  s t ep  sise ami compltiag a one-step appswdmrtion a t  timd ti + h/2. Thlr 

approximation is then used as t h e  starting point for another OnO-stOp approzimb 

t ion  sgah Using the halved value of step size.  

then can be thought of as  two one-step approxbmtions. 

The procedure used t o  automatically control the error  is as fol lom: 

1. 

%+l i 

This twu-step rppr0d.mtl.m 

A@ error estimate fo r  each of the N dependent variables wing Crxtmpolatbn 

t o  zero s t ep  s i ze  is qressed as: 

(11) (1) 
4. i+l -yn. i+l 
8 - 1  

En,i+l = 

where A is  the  order of intsgration. 

11-3 



2, These values of En,i+l a r e  added t o  the two-step resu l t s  t o  obtain the 

extrapolated solutions : 

- 
S n , i i - l  - 'n,i+l + En,i+l 

3.  A re lat ive error term is  next defined and computed f o r  each variable: 

= 'n, i+l 

'n, i+l 
n, i + l  R 

4, The maximum re la t ive  e r ror  (Rn,i+l)max i s  designated E and i s  tested against 

two bounds El and E2. El is  t o  keep the  integration s t ep  s ize  from re- 

maining too small and E2 i s  used to  keep the  interval  from becomhg too 

la rge ,  The program then halves the in te rva l  and repeats the step, con- 

t inues a t  the same interval,  o r  continues a t  twice the  in te rva l ,  

5. The subscript n of the d m u m  re la t ive  e r ror  is recorded i n  INDEX, an 

argument of the cal l ing sequence, and if printed out, can be helpful i n  

locating the trouble point i n  cases of non-convergence. 

The arguments i n  the call ing sequence a re  defined as: 

P - maximum allowable s tep  size.  

T - independent variable. 

TP - value of independent variable at which DICE wil l  provide entry t o  BOXC. 

El - lower error  bound for controlling s t ep  s ize .  

E2 - upper error  bound for  controlling s t e p  size. 

N - number of dependent vaiiables expressed as a fixed p i n t  variable o r  
constant . 

Y - f i r s t  dependent variable followed by t he  remaining N-1 dependent 
variables (must be dimensioned). 

derivatives i n  the same order as t h e  corresponding dependent vmIable8 
(must be dimensioned) , 

DY - derivative of first dependent var iable  followed by the  remaining N-1 
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F - t he  first c e l l  of a t  l e a s t  

(must be dimensioned). 

ce l l s  required by U I W  f o r  storage 

, 
L - a fixed point variable contfalled by DICE t o  exit t o  t h e  proper 

I 

section of  the program csl l ing DICE. 

1 
I. 
I error .  

INDEX - records the subscript of the  variable having t h e  greatest  re la t ive  

~ I - order of integration (2, 3, or  4) 
I BOXA - statement number fo r  derivative computations. 
I 

BOXB - statement number for  supplementry computations a f t e r  val id  integration 

step. 

should be done i n  BOXB. 

Checks fo r  end-of-case based on conditions of dependent variables 

BOXC - statement number fo r  pr int  routine. 

I BOXD - statement number fo r  non-convergence. 

j All f loat ing point arguments a r e  double precision. 

The basic setup necessary t o  use the routine i s  as follows: 

I 

L = 4  

S CALL DICE(P, . . . . .,I) 
I 

GO TO(BOXA,BOXB,BOXC,BOXD) ,L 

BOXA 

B O B  

Evaluate N derivatives 

GOT08 

Perform any necessary calculations after a valid integration atop 

GO TO S 

11-5 



BOXC 

BOXD 

Print normal output 

TP = TFYP 

GO TO S 

Dump or check print to determine reason for non-convergence 

GO TO next case 

This is a standard Westinghouse routine which has been used 

locally for several years. 
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C. 

€"EO%: 

SUBROUTINE DINT= (T, DT, N, Y, U p ,  F, J, I) 

DINJBZ i s  a double precision routine designed t o  be used i n  conjunc- 

t i o n  with DICE t o  provide a second, third, o r  fourth order Runge- 

Kutta solution of an Nth order system of l i n e a r  and/or non-linear 

d i f fe ren t ia l  equations expressed as a system of N first order 

equations. 

The basic method of the DINTEC routine can be swmariaed as follows: 

Given t h e  i n i t i a l  conditions of the N dependent variables a t  time ti, and t h e i r  

derivatives a t  time ti, this routine w i l l  calculate a one-step approximation 

for each of the N dependent variables at time t i+ h, where h is  the s t ep  size.  

Given the function 

yn = fn ( t ,  Y1, Y2, Y3, . . . . , .Yn) 

and the i n i t i a l  values 

ti; Yl,i; y2,i; Y3,i; . . . . . . . .Y ) n, i 

then a second order Runge-Kutta solution gives a one-step approximation of: 

= Y + 1/2(K + K ) 'n,i+l n , i  o,n 1,n 

where : 

K = hfn (ti; Yl,i; Y2,i; . . . . . .; Y n, i ) o,n 

K-,,n= hfn Yl,i + Y2,i + . . . . .; Y + K ) n, i  o,n 

The third order Runge-Kutta solution gives an approximation of: 

where: 
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KZ,n = hfn ( t i  + h; Yl,i + X,,, - Y 2 , i +  x1,2 - Ko,2j 0 . o . ;  

Y + X  - K  ) n, i l , n  o,n 

and the fourth order Runge-Kuttta solution gives a one-step approximation O f :  

= Y + 1/6 (K + 2K + 2K2,n + K ) 'n,i+l n , i  o,n l , n  3,n 

where 

1 n = hfn (ti; Yl,i; Y2,i; . . . . . . . .; Y n, i 

.....; Y +l/Z 1 K l , n  = hfn ( ti+h/2; Y 1 , i  t- 1/xo,&; y2,i + 1/zo,2; 

K2,n = hfn (ti-th/2; '1,i + l/yJ; yz,i + 1 / 5 2 ;  . . . . .;Yn,i+l/xl,n) 

= hfn (ti+h; Yl,i + KZ,l; Y2,i + K2,2; . , .  .; K -I- K2,n 1 

n, i 0 ,  n 

K 3,n n, i 

Tho arguments of t h e  call ing sequence are defined as: 

T - independent variable - controlled by DINTMZ 
DT - s tep  s ize  - controlled by calling program 

N - number of dependent variables 

Y - dependent variables 

I)Y - derivative of dependent variables 

F - storage ce l l s  used by DICE and DINTEG (must be dimensioned) 

J - fixed point variable controlled by DICE t o  enter  proper section 

of DINTEC 

I - order of integrat ion (2, 3, o r  4) 

Thia i s  a standard Westinghouse routine which has been U S 4  1 O O w  

for several years, I n  this program i t  is called exclusively by DICE, 
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D. FUNCTION RANNUM (SIGMA, XMEAN,I) 

PURPOSE: To produce a normally distributed random number. 

numbers has the  characterist ics of a s e t  of normally distributed 

random numbers with a given mean and standard deviation- 

A set of such 

A UnifomiLy distributed number U. i n  t h e  interval  (0,l) i s  generated 

by UDRNRT, The normally distributed number, Xn, having a mean (m) 

and standard deviation (u-) is  computed by the routine as follows: 

J 

where a. = 2.5l5517 

y =  .a2853 

a2 = ,010328 

bl = 1.432788 

b2 = . le269 

b3 = .001308 

The calling sequence i s  

XN = RANNUM (SIGMA, =,I) 

where SIGMA i s  t h e  standard deviation (floating point), 

XMEAN is  the  mean of the sample (floating point), 

I is the  initial random nmiber as a fixed point 

XN ie the  normally distributed random nwnber, 

inteBer and 

T h i s  is a standard Westinghouse routine whlch has been used l oca l ly  

for several years. 

11-9 



%;. FUNCTION UUHNItT (I) 

PURPOSE: To produce a random number uniformly distributed i n  the interval 

(0,l) having a period of g3 .  

The routine i s  given a starter,  I, from which it computes a 
1 

uniformly distributed random number, U 

as .Collows: 

i n  t he  interval  (0,l) 
j' 

I = M I (mod g5) where M = 5 13 j j-1 

Then U = I j/235 
j 

The cal l ing sequence i s  

UJ = UDRNRT(1) where 

I i s  the i n i t i a l  random number as a fixed p i n t  

U J  i s  the  unifomnly distributed random number (f loat ing point) 

integer  and 

Th i s  5s a standard Westinghouse routine which has been used loca l ly  

f o r  several years. 

I 

! 
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F. F'UNCTION ECCAN (EMM,E) 

PURPOSE: To compute eccentric anomaly 

The function subroutine IECAN solves Kepler's equation 

EA = EMM+ E sin E;A as follows: 

= EMH + E sin BDI (1 + E cos I) 
EO 

A E = M - E  + E s i n E o  
0 

1 - E COS Eo 

If 

as the eccentric anomaly, EA. Otherdse, Eo is replaced by 

5, a new 5 is computed, a d  the iteration continues. 

ami ]I agree to  within .5 x then FL,, is accepted 

This is a standard Westinghouse mutine which has been used locally 

for several years. 
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G. 

PURPOSE: To perform coordinate transformations 

SUBROUTINE CEE (Al, A2, A3, XMAT) 

The routine performs a coordinate transformation based on the angles 

A l ,  A2, A 3  and returns t h e  result ing 3 x 3 matrix, XMAT, t o  the 

calling program. 

HG . 
It i s  used t o  compute t h e  matrixes C, HC, G, and 
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H. 

PUSPOSE: 

SuBIlOuTIHE EXTRA (B, HB, G, HG, SPRM, HSPIM, HSDP) 

To compute and write the  error matrix. 

The routine computes the error matrix,BT*Hf3, and outputs it along 

with the matrix HB. During checkout, additional output uas obtained 

from EXTRA by means of the last f ive arguments in the calling 

sequence. These arguments coUrd now be dropped without irrtroducing 

any ill e4ffects. 
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I. SUBROUTINE CHECK1 

PURPOSE: To determine whether t o  use numerical integration o r  closed-form 

solution f o r  t h e  t ransi t ion matrix, whether t o  compute the B-matrix 

check and the C-matrix check, and t o  perform preliminary calcula- 

t ions on the B-matrix and C-matr ix  check i f  they are t o  be computed. 

The conditions are examined for  the  closed-form solution of the 

t ransi t ion matrix as w e l l  as for  the B-matrix and C - m a t r i x  checks and the 

corresponding switches are set  accordingly. 

be used, t he  matrix E24 is  computed f o r  la ter  use. 

C-matrix check are  m e t ,  further calculations produce PSI11, PSIl3, PSIa, 

I f  the Rmatrix check is t o  

If t h e  c r i t e r i a  f o r  the 

~ ~ 1 2 3 .  

I f  t h e  C-matrix check is  t o  be omitted, t he  reason f o r  omission Will 

appear i n  the  output. 

Section IT. 

The interpretat ion of this reason may be found i n  

The variables required by this routine are contained i n  the  named 

COMMON regions GET, GIVE, and OMECA. 
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J. SUB%OU'i!IbEHELp 

PURPOSE: To compute the closed form solution of the transition matrix. 

If the dosed form solution for PH is  t o  be used, the necessary 

partial derivatives are computed snd used to calculate the transition mstrix. 

In either case, several other matrices are computed i n  this routine 

i n  omier to keep the size of the main program Within the bounds of the  compiler. 

The variables required by t h i s  routine are contained i n  the namad 

CCMON regions GIiT, GIVE, -A, and XCIN. 



SECTION 111. Input 

A l l  input t o  the  program i s  made from data cards which are expected 

t o  be read from FORTRAN logical  unit 5. Each case requires exactly 5 cards. 

A. Makeup of Data Cards 

D a t a  C a r d  #l 

FIELD #1 

FIELD #2 

FIELD f3 

FIELD k4 

FIELD #5 

FIELD #6 

FIELD #7 

Data Card #2 

FIELD #1 

FIELD #2 

FIELD #3 

FIELD #I$ 

FIELD #5 

Format 7 F l O  .O 

Orbital inclination angle radians 

Longitude of ascending node radians 

Argument of perigee i n  vehicle orb i t  radian8 

Semi-major axis of  orbi t  

Eccentricity of orbit 

Time of perigee re la t ive  t o  
start time of simulation 

Total duration of simulation 

Format 7FlO .O 

Principal moment of i n e r t i a  about 
x-axis 

Principal moment of i n e r t i a  about 
y 4 s  

principal moment of i n e r t i a  S h u t  
W U i S  

Astronomical 
units i n  sun 
orbi te r  case.  
Statute  miles 
i n  earth OP 
biter case. 

hours 

kilogram- 
meters 

kilogram- 
meters 

kilogrrm- 

2 

2 

Insters? 

Displacement from center of prmsurs metere 
t o  center of grrvity 

Vehicular elevation of the displace- rodian6 
xnent vector from cope to Gaga 
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I 

FIELD #6 

FIELD #7 

Data Card #l 

.FIELD #1 

FIELD #2 

FIELD #3 

FIELD #4 

FIELD #5 

FIELD #6 

FIELD #7 

Data Card #4 

FIELD #l 

FIELD #2 

FIELD #3 

FIELD #4 

FIH9 #5 

FIELD #4 

FIELD #7 

VPQ 

VAV 

OBZD 

OBYD 

SIGZ 

SIGW 

SIGS 

SIGB 

TSO 

21 

22 

z3 

WOl 

wo2 

m3 

PBO 

Vehicular azimuth of the displacema. 
vector from c.p. t o  c.g. 

Effective area of the vehicle 

Fonnat '7FlO .O 

Minirmun allowable angle between sun 
l i n e  and sensor slit  for  which a sun 
sensor measurement w i l l  be allowed 

bbdmum allowable deviation from 
r ight  angle f o r  which a sun sensor 
measurement will be allowed 

Standard deviation of i n i t i a l  angular 
position uncertainty i n  each cuds 

Standard deviation of i n i t i a l  angular 
r a t e  uncertainty i n  each axis 

Standard deviation of  sun sensor e r ror  
uncertainty i n  each d e  

Standard deviation of magnetometer 
error  uncertainty i n  each axis 

I n i t i a l  angular displacement of sun 
beyond vernal equinox (applies only 
t o  earth orbi ter)  

Format 7F10 .O 

Initial loca l  E u l e r  angle displacement 
about r o l l  d a  

Initial loca l  Euler angle displacement 
about pi tch axis 

Init ial  loca l  Euler angle displacement 
about yaw d e  

Initial angular rate about r o l l  d . 8  

Init ial  angular rate about pi tch sXi8 

Initial angular rate about yaw aad8 

Initial celestial. longitude of the  
ear th ' s  magnetic pole (applies only 
t o  earth orbi ter)  

radians 

square 
met e r r  

radians 

radians 

radians 

radians/ 
second 

radians 

webera/ 
sq. meter 

radian8 

radians 

rrdiam 

rrdims 

rrdianr 

radlana 

radianr 

radiuw 
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NT FIEU) 

Format 7RO 

N u u i b e r  of sun sensors (12 is the upper l imi t )  

Total riumber of msasumnmnt intmals 

30 sun orbiter is simrhnted 
=1 e a r t h  orbiter is s h d a t e d  

4 

=1 

transition ms;trlx computed under torque free 
COTlditiOnS 
transi t ion matrix computsd with torqpos 
blclTlded 

FIELD #5 

FnLD #4 not used 

NRS Raradann number starter; must be a positive, odd 
Megar 

FIELD #7 not u&ed 

B. Illegal Practices - There are amera3 input conditions which w j l l  result 

in erroneous results or will causa the program to  halt. !l'hese inputs 

usually irmolw unrea l i s t ic  o r  contradictory combinations of para~netem. 

1) progMunstops 

a) 

b) 

SSnri-maJor axis of orbit less than t h e  radius of ear th for an 
earfih satellite. 

Nanrsalisable combination of inertias (Il, 5,  5). 
(See Rsfarsnce 28 of  volume^ I) 

Pract ices  leading t o  erroneous mmiLts 2) 

Nt = 0 with high spin rates causes an inaccurate t rans i t ion  matrix. 

Significant osc i l la t ion  angle rates with Nc = 1. 
7 of A p p e n d i x  F, Volume I.) 

(See condition 

High eccentr ic i ty  for a sun o r b i t e r  M m d u c e s  error h the 
solar pressure calculation. 

Either&)ol or both4& and Do3 choaen squal t o  5a-o (3auoe1 
inaccuracies i n  the  closed fom rrolution of the  tramition 
matrix. The 802-0 cordition may be Satimfactorjly I 
by giving the  quant i t ies  a value on the  oxxior of ZO- . Vt" 
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C . Inputs for Sample Case - The following are the input quantities used 

in obtaining the output seen in Section IV. 

coi. io C O ~ .  20 COL 30 CO~. 40 COL 50 C O ~ .  60 c01. 70 

0. 0. 0. 4CQO . 0. 0. . 16666666 
150 . 200. 100. 0. 0. 0. 0. I 

i 

1. . 7 m  *1 .OOO1 001 .00CQOl 0. 

005 0 0 3  .or, -.oooo49 .mu2 .oooo61 0. 
1 

j 
I2 20 1 1 101 I 
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S"IV. 0mUT 

A l l  output appears on t h e  printer (FORTRAN log ica l  unit 6). !bere 

is no need f o r  aqy operator action such as tape handling, on-line msssages 

o r  key-ins . 
A. Nonnal output f o r  every run 

1) 3nputs - The 33 input values are output and labeled, both with 

t h e i r  specific name and wder the more general headings of QBBIT, 

VMICLE, OBSERVATION, STATISTICAL, INITIAL CONDITIONS, and CONTROL. 

I n i t i a l  conditions - Prior t o  entering the  integration loop, the 

initial values of mral quantities are seen. 

a) CROSI - Cross prodxct of vector8 POLI and VERI 

b) PO= - Orbit pole unit vector in inertia2 ooordinstea 

c)  VERI - Local vertical unit vector in inertid. ooordinatei 

d) SUM - bit vector along mmline in inertla3 ooordinstea 

( for  ear th  orbi ter  only) 

MAGI - Unit vector along magnetic f ie ld  in inertial 

coordinates (for ear th  orbiter only) 

f) CROSV - Cross product of vectors POLV and VERV 

g) POLV - Orbit pole uni t  vector in vehicle coordinates 

h) VERV - b a l  vertical unit vector in vehicle coardlnates 

i )  SUNV - Unit vector along d i n e  in vehicle coordinates 

( for  earth orb i te r  only) 

j)  MGV - U n i t  vector along magnetic field in  mhicla 

coordinates (for ear th  o r b i t e r  o w )  

k) XA - Actual position and velocity of the  vehiolo 

1) XO - Difference between actual and obwrved poritbn ud 

velocity. Position components m-o init ialised at every 

2) 

e) 
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interval  for  both actual and observed values. Thus, the  

the differences in position are 5ero a t  the start of the 

simulation. 

m) C-MATRIX CHECK OMITTED Dm TO XX - If the  conditions for  the 

computation of the C - m a t r i x  check have not been met, the 

number of the first test which fai led appears i n  t h i s  message. 

There are twelve such tests arranged i n  the following order: 

i. Earth orb i te r  

ii. Effective area of the  vehicle equals 5ero 

determined by the  user and is  equal t o  the  duration of the 

simulation in seconds (3600 times CTP) divided by the  number 

of i terat ions (M) 

a )  TIME - Number of seconds since start of simulation 

M - I terat ion count 

GX, GY, GZ - Roll, pitch, and yaw angular displacement S i n C O  

last interval 

b) VERI - Current loca l  ver t ica l  un i t  vector i n  i n e r t i a l  coordinates 

Iv-2 



I 
C )  CRWV - Current cross product of vectors POLV and VERV, ~f 

the  C - m a t r i x  check has been camputsd, the  fourth number on 

this line V S m t S  the closed-fom solution far ths S O C O ~ ~  

value in the  cross produd. 

ci) POLV - C u r r w t  orbi t& pole unit vector i n  vshidle coordinatbs. 

If the  C-matrjx check has been computed, the fourth number 

on this line represents the cloesd-fonu solution for the 

t h i rd  component of t h e  vector. 

e) mv - mt l o c d  vertical unit vector i n  vehicle 

c o o ~ t e s .  

fourth nmber on t h i s  line rapslesents the  closed-form solption 

f o r  the first caponant of the vector. otharwi~,  it i8 Sat 

t o  sera. 

f )  SuNv - currant unit vector dong sunline i n  vehicle coordinatsa 

( for  earth orb i te r  onQ). 

MAGV - Current unit vector along magnetic field in vehicle 

coordinates ( for  earth orbi ter  only) . 
h) " S I T I O N  MATRIX - The 6 x 6 t ransi t ion matrh appears d e r  

the  heading . 
i) B-MATRIX - The 3 x 3 B matrix appear8 under the  h q  . 
J )  W T R M  CHECK - The 3 x 3 matrix appears under t he  headln& 

If the  B-matrlX cheak h a  b m  co19putd, tha arak4b 

ths clo@ form solution for the &aratrix. ?n a t o w  

cam, it should equal the  Bsratrlx; thsg should be 

appradmts ly  equal when toxWes are prsemt.  

8et t o  sera if the  computation of %ha 

omitted. 

Othendse, it is set t o  fiero. 

Otherwise, it is set t o  102% 

If the  C-matrlx check has been computed, the  

g) 

Tke m'brbt i 8  

Ohwk has born 



XA - Actual position and velocity of the vehicle. 

numbers on the next line represent the magnitudes of the  position 

and velocity vectors. 

XR - Square root of the diagonal elements of the 6 x 6 

uncertainty covariance matrix. The two numbers on the  next 

l ine are the  square root of the sum of the first three and 

last three values on the above line. 

XP - Errors i n  M e r  angles and angular rates. Since these 

are referenced to the coordinate frams corresponding t o  the  

preceding interval,  the  N o r  angle uncertainties take on a 

meaning less significant than the  of fd iagonal  term8 of the 

error  matrix (to be discussed later in th i a  section). 

two numbers on the nact l i n e  are the  magnitudes of t he  

position and velocity vector errors respectively. 

The two 

The 

4. Instrument readouts - This output occurs at  every i te ra t ion  for  

each magnetometer which i s  i n  position with reepect to the 

magnetic f ie ld  and f o r  each sun sensor which i s  in posit ion with 

respect t o  the  sunline. 

type of output is  omitted f o r  the current i terat ion.  

a) 

If no instrument is  in position, t h i s  

The first six lines are not labeled since they were or iginal ly  

intended only f o r  debug purposes but were later deemed useful, 

They represent the 6 x 6 uncertainty covariance mtrix. 

b) INST. NO. = XX. For a magnetometer readout, b8trWmltcl 1, 2, 

and 3 indicate r o l l ,  pitch, and yaw respectively. 

aensors are apranged as follows: 

The dun 

N-4 
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In8txulmnt Number F i e l d  of View W s  Mrection of S U t  

1 + Roll Pitch 

2 + Pitch Yaw 

3 + Yaw bu. 
4 - R o l l  Pitch 

5 - Pitch YaW 

6 - Yaw R o l l  

7 + bll YaW 

8 + Pitch Roll 

9 + Yaw Pitch 

10 - Bol l  Paw 

ll - Pitch Roll 

32 - Yaw Pitch 

PA - 21 &e, e h  dipoh flux d m i t y  in 

wbbarr,/sq. Emtar. 

in Voltlmb I). 

- In sun sensor readout, actual nrsauured value of m e  Y (deflxmd 

NOTE: The first three eun sensor readout8 are ea8ily diutingUiahed 

froxu the magnotapster readoate bectrtlae the value of YA far the 

magabtamstars is on the order of 10-5 while i t 8  value iaa. the 

oun ~ ~ ~ E O Z V S  normally ranger, 2.0 to 0.1. 

H111,fFLA,rn~- Partial dSrivative8 of the observable with reepect to the 

podtion Stat9 Variable8 (UI g0sPp;ltOd th8 8&u 

vehicle orientation. Thew thme values a- in the 

output a8 %or0 becauae the moessary calcalatione O'Ver lOWbd tho 

ccmpilor. The equation8 may be added a8 a mbroutb at orpr tlm6. 

N-5 



c) NR - Random number used in the computation of the  observed position 

and velocity vectors. 

YP - fn magnetometer readout, predicted earth dipole flux density 

i n  webeps/sq. meter. 

- Ln sun sensor madout, predicted measured value of angle Y. 

IU,€R,Il3 - P a r t i a l  derivatives of t h e  observable with respect t o  the  

rotational position state variables as computed from the  

predicted vehicle orientation. 

d) XR - Same as the XR discussed above with the  exception tha t  it i s  

now computed from uncertainty covariance matrix, which is 

updated after each instrument readout. 

e) XO - Difference between the actual and observed position and 

velocity vectors. 

magnitudes of the position and velocity vector differences 

respectively. 

The two numbers of the next l i n e  are the  

f )  

End of I terat ion - After each i te ra t ion ,  even when there was no 

instrument readout, the following printout occurs; 

a )  HB-MA!l!RIX - Cbserved orthogonal transformation from vehicle t o  

fixnd inertial coordinates. 

ERROR MATRM - Product of B-l times HB. 

NOTE: 

W - Vector of optimum l inear  estimator coefficients. 

5 .  

b) 

Since t h e  observed transformation and t he  actual transformstion 

i n  t h i s  case am defined relative t o  the same i n e r t i a l  

reference, t he  error  matrix contains the net effect of all 

at t i tude errors  present up t o  the  current interval.  

i 
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e) The number t ha t  appears under the  error matrbc is the square 

root of the sum of the squares of terms (1,2), (2,3), and (3,l) 

of t he  e r ror  matrix where the firat index is the  row indicator 

and the  second is t h e  column indicator. 

B. Magnostic Messages 

The program checks for certain undesirable conditions and outputs 

an SDCplinnatorg massage u b n  one of these s i tuat ions is detected. 

on t o  the  n a d  case. 

It than goes 

1) Errors caused U e g d  input 

a) TEST = XMCX WHISl SR = XXXX. 

result i n  atteupting to compute the  equare root of a negative 

The current value of TEST would 

IlUIbZ'.  This m X l O O U 8  d u e  e 00- W b I l  th0 a- 
major exis of the orbit (input v-0 Om) is 1Asa than 

the  radius of t h e  ear th  i n  statute mlles. 

b)  INPUT MMEWIS OF INERTIA NOT REALIZABLE. The difference 

batmen arly two mo~1mnt8 of inertia cannot be greater than the 

third in a r ig id  body. The moment8 of inertb (inpUt6 

n(l), VI@), me) ) tW0 PZ'in'bOd Out f0- the m68MgO. 

2) Unre&istic trigonamstric values 

Several places throughout the program, an arccosine is aalcaletsb 

from the  conqmted value of a co8ine. 

cannot be greater than 1. 

debugging the  mathematical model ab  uell as the program ItlMU. 

They have rennained i n  the program in order to p h i b i t  uralyedo 

with msanhgless data should 8omb 

Clearly, tho80 oorltwr 

The fo~owing mMOsge8 wem Umful .  b 

O O O W .  



N = XX. 

LOOP is the  i te ra t ion  count and SLlU is an intermediate 

variable in the computation of YA (actual angle between sun 

line and instrument ) and must be less than 1. 

N = XX. LOOP = XXX, SLlN = XXX, ZETAS = XXX. N and LOOP are 

as above; SUN divided by ZETAS forms the  cosine of YA and 

must be less than 1. 

N = XX. 

SDPU is an intermediate value in the computation of Yp 

(predicted angle between sun line and instrument) and must 

be less than 1. 

N = XX. 

as above; SDPL divided by H!ZS forms the  cosine of YP snd 

must be less than 1. 

TROUBIZ I N  ARCCOS. 

be greater than 1 in subroutine CHEcKl.  

message, the ten  quant i t ies  t ha t  go into the computation 

are a lso printed out . 

LOOP = XXX, SLlU = XXX, N is the instrument number; 

LOOP = IMX, SDPU = MM. N and LOOP are as  above; 

LOOP = XXX, SDPL = XXX, HZS = XXX. N and LOOP are 

The cosine of dAU, has been calculated t o  

In  addition t o  the 

3. If the integration routine cannot converge, a PDUMP results. 

C. Output from Sample Case 

The following pages contain a portion of the  results generated 

from the  data cards l i s t e d  i n  Section 111. 

a8 well a I  t he  pariodic and instrument readouts from the  first and last 

(twentieth) i teration. 

All  the preliminary output i s  shown 

nr-8 
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APPENDIXA: G I S S A R Y  

The purpose of this glossary is to relate program names to the 

a&merbg upbola defined in Volumb I and to dofins those variables which are 

introduced i n  the program itsell. 

of btereat as well as most of the intsrmsdiate variables. 

It is lpbant to cuintain all -or parameters 

Q o s w  in Volum I is referend far a l l  vsriables defined in 

that voluw. Section 111 of V o l m e  I1 (Input) is ref'&cad for the description 

of a l l  input quantities. 
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A I S C  

ALSS 

ASCP 

ASKH 

ASKV 

ASSP 

ENGlNEERING SYMBOL 

i¶ j 
a 

AC 

AS 

Is1 
A'C 

%V 

C 
a 

%v 

&€I 

ak 
%l 

* 'e  

aO 

Bi,j 

BC 

B'C 

DESCRIPTION 

Volume I 

Cosine of u4T 

Sine of w,,r 

Magnitude of magnetic flux density 

cosine of ( u p  C"(g4) 

Angle between the angular manenturn 
vector and vector V 

Cosine of angle between spin &a and 

observed a t t i tude  (for  t rans i t ion  ma t rb )  

I 

angular mamentun vector as computed from I 

Sine of angle between spin axis and 
angular mospsntum vector a s  computed from 
observed a t t i t ude  (for  transi5ion matrix) I 

C O S h e  of between Spb a 8  and I 

angular momentum vector 

Angle between ini t ia l  yaw axis and 
angular mamsntum vector 

Angle between inftial yaw ax is  and 
vector V 

Sine of angle between spin axis and 
angular momentum vector 

Difference between % and gd, I 

Mean anoma,ly of satellite 
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'i ' 'Ii 
' 8  

'i 

c i Y  3 

T' 

ISESCRIPTION 

Intermsdiate aplpay used in the 
computation of BDUM 

vo&lme I 

Volunae I 

Sine of ( &I; t-+) 
Volllum I 

Volume I 

Cosine of ahv 
Cosine of % 
Cosine of 

Eccentric anomaly 

First term in the C-matrh check 

Second term in the C - t r i x  check 

Third term in the C-matrix check 

Cosines of the observed position 
state variables 

Volums I 

Volume I 

Cosine of& 

Cosine of 

Earth magnetic f i e l d  constant 

Tlms derivative o f  solar true 
anomaly 

cosine of e 

xnput 
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PROGRAM SYMBOL 

CUBM 

CUC 

CWS 

mLBA ( I) 

D E L F ~  ( I) 

DEW2 (I) 

DELcl(1) 

ENGI”GSpMB0L . DIESCRIPTION_ 

b e  I4l  Earth magnetic f i e ld  constant 

Cosine of (w, + eo) 

Volume I 

Volums I 

Variables of different ia t ion 
t rans i t ion  matrix derivation 

Variables of differentiation 
trans$-+ ion matrix derivation 

Variables of different ia t ion 
t rans i t ion  matrix derivation 

Variables of different ia t ion 
t rans i t ion  matrjx derive.tion 

in 

in 

in 

in 

Variables of different ia t ion i n  
t rans i t ion  matrix derivation 

Variables of different ia t ion in 
t rans i t ion  matrix derivation 

Variables of diff erentiation i n  
t ransi t ion matrix derivation 

Vwiables of diffdrsnt ia t ion in 
t rans i t ion  matrix derivation 

Variables of different ia t ion i n  
t rans i t ion  matrix derivation 

Variables of differentiation i n  
t rans i t ion  matrix derivation 

Variable8 of different ia t ion i n  
t rans i t ion  matrix derivation 

Variables of different ia t ion ba 
t rans i t ion  matrix d e r i v a t b n  

Volume 1 

Volums I 

Intomediato array i n  the 
computation of B-matrix obok 

A-4 



Lower er ror  l i m i t  f o r  the 
integration routine 

Uppar e r ror  l i m i t  for  the  
integration routine 

Volume I 

Scalar products in  non-homgeneous 
t rans i t ion  matrix derivation 

fsi 
Scalar products in non-hcimgeneous 
t rans i t ion  matrix derivation 

F l  *1 Intermediate variable in closed form 
t rans i t ion  matrix solution 

F2 *2 Intsnnsdiate variable in closed 
form t rans i t ion  matrix solution 

Storage array mqub-ed by DICE 

Volums I 

Volulne I 

Volume I 

Volume I 

Volume I 
A 
C t ' j 

1 9 5  

Volume I 

Parameters i n  the observed W t i o n s  
of motion 

Ni Volume I 

E c L  'h Solar measurement sensi t ivi ty  
constant using observed quantities 

Intermediats array ussd in t he  
calculation of PP 

Scalar products i n  non-hanogamma 
t rans i t ion  matrix (canputmi irom 
ob served vdues )  

3 scalar products in n o n ~ ~ ~ o u c )  
t rans i t ion  matrix (camputed from 
observed values) 
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PROGRAM SYMBOL 

HZETAS 

HZ1 

Hz2 

ENGINEERING 
SYMBOL 

HiA 

h 

A 
Hi 

f i , J  
A 
8'' 

A 

A 
Cr 
h 

h 

$03 

i 

& O l  

%? 

A 

xi 

'i 
4 

j?, 
A 

z1 

z2 

4 

A 

A 

DESCRIPTION 

Volume I 

Volume I 

Volume I 

Measurement sens i t iv i t ies  computed from 
actual a t t i tude  (Actual computations 
not i n  present program) 

Volums I 

Parameters in the observed equations of 
motion 

Volume I 

Volume I 

Volume I 

Observed angular r a t e  about r o l l  axis 

Observed angular r a t e  about pitch axis 

Observed angular r a t e  about yaw axis 

Observed posit ion and velocity s t a t e  
variable 8 

Derivatives of observed position and 
veloci ty  s t a t e  variables 

Sine of the observed angle, .f 

Observed loca l  Euler  angle displacement 
about r o l l  axis 

Observed loca l  Euler  angle dioplaoenmnt 
about p i tch  exis 

Observed loca l  Nor  angle dllrplacamsnt 
about yaw axis 

Index of t he  most widely mrying dependent 
variable 

IORD order of' in tegrat ion 
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PROGRAH 
SPMBQT, 

IWHP 

K!rR 

LOQP 

LQQQ 

H 

MAG 

N 

NRS 

Ns 

NSUIIB 

NSUBC 

NSUBM 

NT 

WAR 

NZ 

OAPZ 

OBYD 

OBZD 

OEZ 

OIZ 

OOZ 

WA 

m 

M 

NC 

Nt 

NO 

uEscBzpT1[ON 

Indicator of the reason for omission of 
the C-matrix check 

Iteration counter 

Control variable in the integration 
routins 

Input 

Switch set i n  program 
"1; use magnetomatars 
4; skipmagnetometers 

Sun wmor index 

Input 

Input 

4; compute the B-matrlx check 
4; amit the B+uatrix chock 

=1; c w t e  the C-matrix check 
=2; amit the C-aaatrix check 

4; compute closed form transition matrlx 
4; integrate to solve for the transition 

matrix 

Input 

Number of dependent variables 

Input 

Input 

Input 

Input 

Input 

Input 

Input 

Spin rate as computed f r o m  observed state 
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oyz 

PBO 

PI 

DESCRIPTION 

Precession as computed from o b d  state 

Input 

Input 

Transition matrix; Volume I 

Derivative of transition matrix 

piy  t o  16 signiiicant digits 
Volume I 

Int.rmsdiate arrv ussd in the oomputation 
of PM 

Voluw I 

Volrnnn I 

Velum I 

Volurne I 

Volume I 

Volumb I 

Volrrmo I 

Coshe of UPt 

sine of CJPt 
Velum I 

Pmametor of orbit 

Tlolunlo I 

Voltpsb I 

Dat produat of qr$ ud R 



533 

R41 

R43 

SAHV 

SAK 

SAKH 

SDPL( I) 

SDPU( I) 

XbC 

'i 
r2 

% 
% 
Rzl 

523 

51 
Is3 

Rw 
R43 

Cosine of % 
Intennediate arrey in the calculation 
of the B-matrix check 

Volume I . 

Volums I 

Predicted state 

Intermediate arrw in the compltation 
of the B-matrix check 

Volums I 

Volume I 

Parameter in libration analysis 

Parambter in libration analysis 

Parameter in libration analysis 

Parameter in-libration analysis 

Paramater in libration analysis 

Parameter in libration analysis 

Parameter in libration analysis 

Parameter in libration analysis 

Sine of &hv 
Sine of % 
Sine of 

Dot product of sll and L n 
% 

Dot product of $1 and u 
I .  
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PROGRAM 
SYMBOL - 
S W I )  

S I C  

S I G B  

SIGS 

SIGW 

S I G Z  

SOMC 

SpRM(I) 

SR 

SSRL( I) 

SSP (I) 

STHE 

SX(1)  

SUF 

T 

TAU 

TERML 

Ti3R.m 

TESL 

TESR 

TEST 

THE3 

ENGINEERING 
SYMBOL 

if 

bs 

P 

T 

I IEXFUFTION 

Sines of the  observed position s t a t e  
variables 

Sine of io 

Input 

Input 

Input 

Input 

sine o f n o  

Volume I 

Volume I 

Volume I 

Volume I 

sine of e 
Sines of the  position s t a t e  variables 

Sine of (w, + eo) 

Duration of simulation i n  seconds 

Interval  between measurements 

Intermediate variable used i n  several 
calculations 

Intermediate variable used i n  several 
calculations 

Intermediate value used i n  the t e s t  f o r  
shadow 

Intermediate value ured in the t a r t  for 
shadow 

Intermediate value used i n  the t o r t  fo r  
ehadow 

Volume I 
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e 

%-1 
t 

$0 

cr 
U 
i , j  

% 

Ii 

AQ 

'I)Q 
9 

'i 

DESCRIPlTON 

Volume I 

Volums I 

Time;independent variable i n  the 
integration 

Box C entry time; see Volume 11, 
Section 11, B 

k P d  

Time at  perigee i n  seconds ( re la t ive  t o  
reference time a t  start of simulation) 

Volrrms I 

Volume I 

Input 

Vector about uhich the angular momentum 
px ecesses 

Vector V in vehicle coordinates 

Input 

Input 

Input 

Input 

Magnitude of the cross product of V and H 

Volume I 

Intermediate array used in the  
computation of W 

Volume I 

Volume I 
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PROGRAM 
SYMBOL 

wce 
wo3 

X(I) 

=)(I) 

XDIFF ( I )  

XIC 

YA 

YP 

YOUC 

YOUF 

Z B I l  

z~13 

zl321 

2=3 

ZEl 

zE2 

m3 

ZETAS 

UMEAN 

ZSQ 

21 

22 

z3 

yA 

yP 

11 

13 z 

21 

23 
2 

5 

43 

22 
z3 

DESCRIPTION - - - ~ . .  

Input 

Input 

Position and velocity state variables 

Derivatives of position and velocity 
state variables 

Difference between actual and observed 
position and velocity 

cosine of l imiting plane ang~e,J’ 

Actual value of observablo 

Predicted value of observable 

Cosine of (lqo+e) 

sine of ( W b t  e) 
Parameter in l ib ra t ion  analysis 

Parameter in l ib ra t ion  analysis 

Parameter in l i b ra t ion  alialjrsis 

Parameter i n  l i b ra t ion  analysis 

Volume I 

Volume I 

Volume I 

s ine  o f f  

Mean f o r  t h e  computed random numbers 

ZE2 f o r  symettric vehicle 

hmt  
Input 

Input 

A - I 2  



APPEND= B: .prOgr~m Id&i.I lgS 

Dw t o  the volume of the listings, this table of contents is provided 

as an aid in finding the l isting of any particular routine. 

M a i n A - o g m r p l . . . . . . . .  B2 

DICE ........ B-19 
DINTEG ........ B23 

RANNUM ........ B25 
UDiRNRT ........ B28 
WAN ........ B29 
CEE ........ B-30 
EXTRA ........ B-31 
CHEcEn ........ B-32 
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